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Dr Kitahoridoi:10.1016/j.jtcvs.2004.11.059Objectives: We examined a novel protocol of retrograde cerebral perfusion with
intermittent pressure augmentation to improve the clinical usefulness of this pro-
cedure, in a canine model, because a high retrograde cerebral perfusion pressure
may be required to open cerebral vessels.
Methods: Eighteen dogs (25.2  4.1 kg) were randomly divided into the following
3 groups: circulatory arrest group (circulatory arrest alone), conventional-retrograde
cerebral perfusion group (conventional retrograde cerebral perfusion at 25 mm Hg),
and intermittent-retrograde cerebral perfusion group (retrograde cerebral perfusion
at 15 mm Hg with intermittent pressure augmentation to 45 mm Hg). The animals
were cooled down to 26°C under cardiopulmonary bypass and underwent 60
minutes of circulatory arrest with or without retrograde cerebral perfusion in
accordance with the protocol described. They were weaned from cardiopulmonary
bypass after rewarming and observed for 12 hours after the procedures. The retinal
vessels were observed as a means of noninvasive direct visualization of the cerebral
vascular system. The level of Tau proteins in the cerebrospinal fluid was measured
as a marker of neuronal damage.
Results: While the retinal vessels were fully distended with blood (100%) at a
retrograde cerebral perfusion pressure of 45 mm Hg in the intermittent-retrograde
cerebral perfusion group, full distension of the retinal vessels was not observed in
the conventional-retrograde cerebral perfusion group (67%). The level of Tau
proteins, measured 12 hours after the operation, was lower in the intermittent-
retrograde cerebral perfusion group (247  70 pg/mL) than in the circulatory arrest
group (1313  463 pg/mL; P  .05) or the conventional-retrograde cerebral
perfusion group (1449  693 pg/mL; P  .05). Histopathologic examination
revealed that the most effective brain protection was obtained in the intermittent-
retrograde cerebral perfusion group (P  .05).
Conclusions: Intermittent-retrograde cerebral perfusion effectively opens up cere-
bral vessels to allow adequate blood supply to the brain, thereby minimizing brain
damage. This novel method may protect the cerebral system effectively from
ischemia during circulatory arrest.
Neurologic protection is very important during operations on the aorticarch.1-3 Circulatory arrest (CA) has been accepted and practiced at manyinstitutions as an approach to brain protection. On the other hand, retro-
grade cerebral perfusion (RCP) was introduced as a perfusion adjunct to extend the
safe time limit for CA.4,5 Although many theoretical advantages of RCP have been
suggested,6-11 there are some reports that RCP was unable to sustain energy
metabolism even in the absence of evidence of inadequate cerebral perfusion.12-15
Therefore, an optimal method to protect the brain during prolonged CA still remains
to be established.
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CSPThe optimal RCP pressure has been presumed to be
approximately 25 mm Hg, and an RCP pressure in excess of
25 mm Hg has been reported to be related to an increased
incidence of cerebral edema and bleeding leading to neuro-
logic injury.16 However, other authors have used higher
RCP pressures than usual and obtained good outcomes
without any significant complications.17,18 In the present
study, we examined RCP with intermittent pressure aug-
mentation because we considered that a high RCP pressure
of approximately 40 to 50 mm Hg might be necessary to
overcome the threshold for opening of the cerebral veins. In
addition, the intermittent method was chosen to prevent
cerebral edema caused by continuously high RCP pressure.
Materials and Methods
Experimental Group and Protocol
Eighteen adult mongrel dogs (25.2  4.1 kg; 20-32 kg) were ran-
domly assigned to 1 of the following 3 groups: the CA group (CA
alone), the c-RCP group (conventional RCP), and the int-RCP group
(RCP with intermittent pressure augmentation). The procedures con-
ducted in the c-RCP group (n 6) were the same as those in the CA
group, except that RCP at a continuous pressure of 25 mm Hg was
used in addition for 60 minutes. In the int-RCP group (n  6), the
maxillary venous pressure controlled at 15 mm Hg was augmented to
45 mm Hg quickly and then decreased again to the baseline level of
15 mm Hg as soon as it reached 45 mm Hg every 30 seconds.
Anesthesia and Hemodynamic Monitoring
Anesthesia was induced with ketamine hydrochloride (10 mg/kg
intramuscularly) and maintained with sodium pentobarbital (Nem-
butal). After endotracheal intubation, the animals were maintained
on positive-pressure ventilation with 100% oxygen. With the an-
imals under adequate general anesthesia, partial laminectomy at
the level of the first lumbar vertebra was performed, and a 20-
gauge catheter was inserted into the spinal space toward the cranial
side to allow continuous pressure monitoring of the cerebrospinal
fluid (CSF) and sampling at several time points: before the oper-
ation; at the end of CA; and 3, 6, and 12 hours after the operation.
Then, 20-gauge catheters were positioned in the femoral artery and
maxillary veins for blood sampling, and the arterial and jugular
venous pressures were monitored continuously and recorded every
15 minutes. Blood samples were analyzed at the same temperature
as that of the animal body for pH, oxygen tension, carbon dioxide
tension, base excess, carbonic acid, and electrolytes by using a
blood gas analyzer (ABL505; Radiometer Medical; Copenhagen,
Denmark). Nasopharyngeal and intraabdominal (through a mini-
laparotomy) temperatures were monitored.
Technique and Management of Cardiopulmonary
Bypass
A median sternotomy was performed. After heparinization (300
IU/kg), the ascending aorta was cannulated with a 16F arterial
cannula, the right atrial appendage was cannulated with a 36F
single cannula, and cardiopulmonary bypass (CPB) was estab-
lished at a flow rate of 100 mL · kg · min. Membrane oxygenators
(Capiox SX; Terumo Co Ltd, Tokyo, Japan) were primed with a
hemodilute solution containing 800 mL of lactated Ringer’s solu-
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200 mL of mannitol, and 5000 IU of heparin. A 14-gauge catheter
was inserted into the left ventricle from the apex to permit decom-
pression of the left ventricle during the CPB. For introduction of
RCP, 2 cannulas (16-gauge) were inserted into each of the max-
illary veins on either side and connected to the arterial line, which
were used only during RCP.
After stabilization of the body temperature and blood gases, the
dog was cooled to 26°C, while the pH and PCO2 were maintained
by pH-stat principles, at 7.30 to 7.50 for pH and 30 to 50 mm Hg
for PCO2, corrected for temperature. CPB was carried out to attain
a moderate hypothermia of 26°C as measured by the nasopharyn-
geal and intraabdominal temperatures. Cardiac arrest was induced
by St Thomas’ Hospital solution after crossclamping of the as-
cending aorta. The aortic arch was incised and opened to maintain
the innominate arterial pressure at the atmospheric pressure. Then
the animals underwent 60 minutes of CA. During CA, brain
protection procedures were carried out according to the experi-
mental protocol as mentioned previously. After 60 minutes of CA,
the aortotomy was closed and CPB was reestablished. Cardiover-
sion was performed to resume sinus rhythm at approximately
34°C, and mechanical ventilation was restarted. Once the temper-
ature returned to 37°C, the animal was slowly weaned from CPB
and catecholamines were administered, if necessary, in the appro-
priate doses. Then, the animals were kept connected to the venti-
lator until they awakened.
Clinical Outcomes
All of the animals were closely monitored and evaluated in terms
of the following items: eyelash reflex, voluntary respiration as a
brain stem function; opening of eyes, movements of limbs as a
brain cortex function; and presence and severity of convulsions as
an abnormality of brain function. To explain the degree of recov-
ery of consciousness, these items were summarized as follows:
recovery of brain stem function (0  no response, 1  positive
eyelash reflex alone or voluntary respiration present, but needs
ventilatory assistance, 2  voluntary respiration present with no
need of ventilatory assistance); recovery of brain cortex function
(0 no response, 1 opening of eyes, 2 movements of limbs);
and abnormality (0  serial recurrent convulsions, 1  temporal
convulsions, 2  no convulsions). Numeric summing of these
scores was performed to obtain a final recovery score. Lesser
scores were indicative of neurologic damage.
Observation of the Retinal Arteries and Veins
Eyedrops of atropine sulfate were applied preoperatively into the eyes
of the animals. A fundus camera (Genesis; KOWA Co Ltd; Nagoya,
Japan) was used for taking pictures of the retina, including the retinal
microvessels. For subsequent measurement of the diameter of the
retinal vessels, a computer-assisted software (Photoshop v. 7.0;
Adobe Systems Incorporated, San Jose, Calif) was used. The diam-
eters of the 3 major retinal arteries and those of the veins were
measured at the edge of the retinal macula and expressed as a ratio
relative to the corresponding preoperative control values.
Cerebrospinal Fluid
The samples were centrifuged at 30,000g for 10 minutes and stored
at 80°C until analysis. They were analyzed to determine the Tau
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Pprotein concentration with a commercially available kit (Fino
Scholar hTAU; Eisai Co Ltd, Tokyo, Japan) based on the enzyme-
linked immunosorbent assay method.
Pathologic Examination
The brain was exposed by craniotomy just before each animal was
fully anesthetized again for sacrifice, 12 hours after the operation,
and harvested immediately after cardiac arrest was induced. The
brain specimens fixed with 7% formaldehyde were sectioned, and
5-mm block sections from the neocortex (frontal lobe and temporal
lobe), hippocampus (CA1 to CA4 and molecular layer), brain
stem, and medulla were embedded into paraffin wax. They were
sliced into sections 5 m in thickness and stained with hematox-
ylin-eosin to examine infarctive or other changes. A pathologist
who was blinded to the study graded the severity of injury on a
scale of 0 to 5 based on the number of damaged neurons within
each region: grade 0, normal; grade 1, less than 10%; grade 2, 10%
to 25%; grade 3, 26% to 50%; grade 4, 51% to 75%; grade 5,
greater than 75%.15
Statistical Analysis
Results are expressed as mean SE. Analysis of variance (ANOVA)
and Fisher’s protected least significant difference test for multiple
comparison were used for comparisons among the 3 groups. A re-
peated-measures ANOVA was used for comparisons of parameters
between different time-points. Student t test (unpaired) was used for
comparisons between 2 groups. The Kruskal-Wallis test was applied
for multiple comparisons of discrete variables.
All of the animals received humane care in compliance with the
“Guide for the Care and Use of Laboratory Animals,” published by
TABLE 1. Perioperative variables
Parameter Group Before operation On CPB
MAP (mm Hg) CA 112 8.3 76.5 4.8
c-RCP 103 6.4 56.2 2.7
int-RCP 132 7.3 85.2 3.9
Hb (g/dL) CA 11.1 0.6 5.8  0.8
c-RCP 10.7 0.4 6.0  1.0
int-RCP 12.3 0.6 6.9  0.4
PAO2 (mm Hg) CA 330 44 295 77
c-RCP 370 17 318 29
int-RCP 391 34 325 72
PaCO2 (mm Hg) CA 28.6 1.9 31.4 2.9
c-RCP 27.8 3.0 33.7 8.1
int-RCP 24.7 3.3 30.0 1.9
pH CA 7.43 0.07 7.43 0.08
c-RCP 7.47 0.12 7.47 0.12
int-RCP 7.47 0.12 7.48 0.11
Temperature (°C) CA 36.0 0.4 31.6 0.7
c-RCP 35.2 0.5 31.4 0.3
int-RCP 35.3 0.2 32.2 1.3
MAP, Mean arterial pressure; Hb, hemoglobin; PAO2, arterial partial pressu
arrest; c-RCP, conventional retrograde cerebral perfusion; int-RCP, intermthe National Institutes of Health (NIH publication 85-23, received
The Journal of Thoraci1985), and with the approval of the University of Tokyo Institu-
tional Animal Care and Use Committee.
Results
Hemodynamic Data
No significant differences were recognized among the 3
groups, as shown in Table 1. During CA, the CSF pressure
Figure 1. Comparison of the recovery scores postoperatively in
each group. CA, Circulatory arrest; c-RCP, conventional retro-
grade cerebral perfusion; int-RCP, intermittent retrograde cere-
nd of cooling End of rewarming
6 h after
operation
12 h after
operation
69.3  6.8 73.5  6.5 91.0 8.0 80.3  14.1
53.8  2.4 64.2 7.4 86.7 11.0 71.3  16.3
62.5  3.6 68.2 5.4 85.8 8.2 65.0  7.0
5.4  0.5 7.3  1.3 11.4 1.3 10.4  1.7
6.0  .04 7.1  0.5 10.4 0.8 9.2  1.2
7.0  0.4 9.3  0.3 11.5 0.7 10.5  0.6
349 56 337  52 213 26 196  20
335 50 321  54 194 49 200  48
318 34 278  72 257 62 187  38
35.1  5.5 47.0  2.8 40.5 2.6 45.5  5.1
37.1  2.4 44.2 5.3 32.6 3.9 33.6  7.0
37.4  1.5 46.8 7.6 30.6 2.2 36.2  3.6
7.35  0.16 7.38 0.08 7.35 0.06 7.41  0.23
7.34  0.09 7.48 0.11 7.42 0.09 7.39  0.12
7.32  0.10 7.44 0.09 7.45 0.08 7.38  0.10
25.9  0.5 36.4 0.4 36.4 0.3 36.8  0.5
26.2  0.6 34.9 1.5 36.7 0.2 37.1  0.4
25.5  0.7 35.9 0.4 36.2 0.3 37.6  0.1
oxygen; PaCO2, arterial partial pressure of carbon dioxide; CA, circulatory
retrograde cerebral perfusion.E
re ofbral perfusion.
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CSPwas significantly lower in the CA group (3.2 2.8 cm H2O)
than in the c-RCP group (17.2  4.4 cm H2O, P  .0001)
and int-RCP group (19.0  6.8 cm H2O, P  .0002).
Clinical Outcomes
There were no significant differences in the total dosage per
body weight of anesthetics among the 3 groups. One dog
(17%) from the CA group and 4 dogs (67%) from the c-RCP
group awakened but could not be weaned from the respira-
tor. On the other hand, 5 dogs (83%) from the int-RCP
group awakened normally and 3 dogs (50%) were weaned
from the respirator. In the CA group, 4 dogs (67%) had
recurrent convulsions, whereas in the c-RCP group, 2 dogs
(33%) had recurrent convulsions and the remaining 2 dogs
(33%) had temporal convulsions during the rewarming pe-
riod. None of the dogs (0%) from the int-RCP group had
convulsions. The mean score, shown in Figure 1, for the
int-RCP group (4.7 0.7) was significantly higher than that
for the CA group (1.3  0.8, P  .008) or the c-RCP group
(2.2  0.8, P  .0367).
Retinal Microvessels
In the CA group, almost no blood flow was observed in
the retinal arteries and during CA. In the c-RCP group,
retrograde retinal blood flow was observed in 4 animals
(67%) at an RCP pressure of 25 mm Hg. On the other
hand, no retrograde retinal blood could be detected at an
RCP pressure of 25 mm Hg in only 1 animal (17%) of the
int-RCP group, and all of the animals in this group
(100%) showed complete filling of the retinal vessels
when the RCP pressure was increased to 35 mm Hg
Figure 2. Retina in the intermittent retrograde cerebral
to open at an RCP pressure of 25 mm Hg (a-d). The s
Before cardiopulmonary bypass (CPB) (a, e); at 15 mm
RCP (d, h).
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varied widely from 15 to 35 mm Hg in both the c-RCP
group and the int-RCP group, and the mean opening
pressure was 22.2  7.2 mm Hg, with no significant
difference between the 2 groups. The diameter of the
retinal veins varied significantly in proportion to the RCP
pressure, in the range of 15 to 45 mm Hg (Figure 3).
Tau Protein Levels in the Cerebrospinal Fluid
The Tau protein concentration in the CSF measured 12 hours
after the operation was elevated in all the groups. The concen-
trations were 1313 463 pg/mL in the CA group, 1449 693
pg/mL in the c-RCP group, and 247  70 pg/mL in the
int-RCP group (Figure 4). The CSF Tau protein level was
significantly lower in the int-RCP group than in the CA group
(P  .0209) or the c-RCP group (P  .0435).
Pathologic Examination Results
The histopathologic scores for the investigated regions of
the brain in each group are shown in Figure 5. The scores in
the int-RCP group were significantly lower than those in the
CA group in all of the regions of the brain except the
medulla. Among the 3 groups, the total score for the hip-
pocampus or all regions was the highest, reflective of the
maximum brain protection, in the int-RCP group and lowest
in the CA group. Neuronal degeneration was detected fre-
quently in the CA group (Figure 6).
Discussion
Many theoretical advantages of RCP have been suggested,
such as delivery of oxygen and metabolic substrates to the
sion (int-RCP) group. The failure of the retinal vessels
pressure effectively opened the retinal vessels (e-h).
f RCP (b, f); at 25 mm Hg of RCP (c, g); at 45 mm Hg ofperfu
ame
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Pbrain, removal of toxic metabolites, flushing of gaseous or
atheromatous debris, homogenous cooling of the brain, and
ease of establishment without the need for any additional
cannulas.6-11,19 However, some authors have questioned the
validity of the neurologic protection provided by RCP12-15;
therefore, an optimal method of protection of the brain during
prolonged CA still remains to be established.
RCP pressure is usually controlled at a central venous
pressure of less than 25 mm Hg to avoid brain edema,17 but
several clinical and experimental studies have demonstrated
that RCP at a perfusion pressure of less than 25 to 30 mm Hg
provided very limited blood flow to the brain and minimal or
no brain protection.12-15 The conventionally recommended
RCP pressure of less than 25 mm Hg is considered to be
insufficient for opening up the cerebral microvessels and main-
taining RCP, and to cause maldistribution of blood in the brain
because of a sudden loss of cerebral perfusion pressure asso-
ciated with conversion of antegrade to retrograde perfusion,
which may cause collapse of the cortical veins and increased
resistance to opening of the cerebrovenous vessels. However,
much evidence has been accumulated to suggest an increased
risk of perfusion-induced brain injury associated with RCP,
especially when continuously high RCP pressures are used.16
Because the retina originates from the cerebral circula-
tion embryologically, the retinal vessels have been sug-
gested to be the only actual “window” for direct and non-
invasive observation of the cerebral microcirculation.10,20
In our study, some of the retinal veins were still collapsed at
an RCP pressure of 25 mm Hg but became completely filled
with blood at an RCP pressure of 45 mm Hg. Estrera and
Figure 3. Values for the retinal arteries and veins are
retinal veins was smaller at an RCP pressure of 15 mm
of 45 mm Hg was used; control, before CPB; 15 mm H
25 mm Hg; 45 mm Hg, RCP pressure of 45 mm Hg.colleagues18 reported that during RCP, the opening pressure
The Journal of Thoraciof the middle cerebral artery was 31.8  9.7 mm Hg, and
that reverse cerebral flow was identified in only 20% of
those patients in whom the RCP pressure was less than
25 mm Hg. In our experiment, the opening pressure of the
retinal arteries and veins was 22.2  7.2 mm Hg (15-
35 mm Hg) and the retinal vessels were filled in 9 (67%) of
n as a percentage of the control. The diameter of the
than in controls or animals in which an RCP pressure
P pressure of 15 mm Hg; 25 mm Hg, RCP pressure of
Figure 4. Concentration of Tau proteins in the CSF measured 12
hours after the operation. CSF, Cerebrospinal fluid; CA, circulatory
arrest; c-RCP, conventional retrograde cerebral perfusion; int-show
Hg
g, RCRCP, intermittent retrograde cerebral perfusion.
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CSPthe 12 subjects in the c-RCP and int-RCP groups at an RCP
pressure of 25 mm Hg. Analysis of the time-course of
changes of the CSF pressure revealed no statistically sig-
nificant differences among the 3 groups. This result indi-
cates that int-RCP might not cause brain edema more easily
compared with c-RCP and CA. Therefore, we considered
that the RCP pressure is a very important parameter to
overcome the venous resistance of the capillaries and main-
tain the patency of the microvessels.
Tau proteins are microtubule-binding proteins localized
in the axonal compartment of neurons. Brain injury releases
the cleaved Tau proteins into the extracellular space, from
where they are transported to the CSF.21 Thus, the concen-
tration of Tau proteins in the CSF is a good marker of
neuronal damage.22 Zemlan and associates22 reported that
the Tau protein levels in the CSF were elevated to more than
1000-fold in patients on the first day after brain injury
Figure 5. Histopathologic scores for the investigated re
group were significantly better than in either of the ocompared with healthy controls. Because of the higher CSF
368 The Journal of Thoracic and Cardiovascular Surgery ● Augulevels of the Tau proteins in the CA group than in the
int-RCP group at 12 hours after the operation in this study,
it was surmised that 1-hour CA under moderate hypother-
mia (26°C) might be associated with much neuronal damage
and high CSF Tau protein levels if no adequate perfusion
adjunct is used. The results of the CSF Tau protein levels
were correlated with the pathologic changes. In our study,
pathologic examination revealed more severe neurologic
damage in the CA group compared with that in either of the
other 2 groups, especially in the hippocampus and cortex
regions. Because the 1-hour CA was induced under moder-
ate hypothermia, ischemic injury of the brain might have
occurred; the brain is vulnerable at this temperature and the
safe time limit for CA under these circumstances is consid-
ered to be less than 15 to 20 minutes. Although some
authors insist that RCP offers little advantage even if CA is
induced under deep hypothermia (15°C-18°C), many dogs
s of the brain in each group. The scores of the int-RCP
groups, particularly in the hippocampus region.gion
ther 2in the int-RCP group in our study showed good recovery
st 2005
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Pfrom CA under moderate hypothermia and less severe neu-
rologic damage than the other groups. Nevertheless, the
neuroprotective effect of int-RCP under deep hypothermia,
usually used for aortic operations, should be evaluated be-
fore extrapolation of these results to clinical situations.
One of the important limitations of this study arises from
the anatomic differences between human and canine bodies.
Because a dog has small jugular veins with many valves,
oxygenated blood was perfused directly into the maxillary
veins of either side to avoid the venous valves that would
interfere with retrograde perfusion.17 In fact, direct visual-
ization of the retinal vessels supported the success of RCP
in our study.
In conclusion, c-RCP was not always effective at
providing adequate blood flow to the brain retrogradely,
resulting in poor brain protection in many animals of the
c-RCP and CA groups. On the other hand, int-RCP ef-
fectively filled up the retinal microvessels and was asso-
ciated with less brain damage than that in the other
groups, because intermittent high pressure effectively
overcame the maldistribution associated with RCP. This
novel method may provide effective neurologic protec-
tion during aortic surgeries.
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